Cortical spreading depression (CSD) is a tran sient depression of neuronal activity that spreads across the cortical surface. In the present studies, we have in vestigated CSD activity in the penumbral zone following permanent middle cerebral artery (MCA) occlusion in the rat (n = 16/group), using double-barreled Ca2+ -sensitive microelectrodes. Measurements of CSD activity were made for 3 h in each animal. During this time, a varying number of spontaneous CSDs were seen in the control group (total was 30, with a range of 0-7/rat). These CSDs were of varying duration: "small" (-1 min) and "big" (5-45 min) CSDs. During a CSD, the extracellular [Ca2+] decreased to 0.11 ± 0.07 mM (mean ± SD). After 3 h, the extracellular [Ca2+] in the cortex (penumbral zone) was either normal (10/16 rats) or lowered to 0.5 mM (2/16 rats) or to 0.1 mM (4/16 rats). In the caudate nucleus (isch aemic core area), all rats had an extracellular [Ca2 +] of -0.1 mM when measured after the 3 h recording period. Neuropathological evaluation of the brains of the ani mals, which had been allowed to survive for 24 h after MCA occlusion, revealed ischaemic damage in the dor solateral cortex and caudate nucleus. Administration of the noncompetitive NMDA antagonist, The excitatory amino acid neurotransmitter L-glutamate is thought to be involved in the neuro nal degeneration that is seen following a period of cerebral ischaemia (Meldrum, 1985; Rothman and Olney, 1986; Choi, 1988) . The first link between glutamate and ischaemia was proposed by Van Abbreviations used: AMPA, a-amino-3-hydroxy-5methylisoxazole-4-proprionic acid; ANOV A. analysis of vari ance; CSD, cortical spreading depression; MCA, middle cerebral artery; NMDA, N-methyl-D-aspartate.
i.p.), 30 min after MCA occlusion resulted in 24 and 29% reductions in the volume of hemispheric and cortical damage, respectively, which was highly significant (p < 0.0001); no protection was seen against caudate damage.
MK-801 also significantly (p < 0.05) reduced the number of CSDs (total was IO with a range of 0-2/rat) and the degree of decrease in extracellular [Ca2+] during CSDs (low level was 0.19 ± 0.15 mM, mean ± SD). Both the number of "small CSDs" and significantly the "big CSDs" were reduced by MK-80l. The "small CSDs" were present in the border zone and also deeper within the infarct, whereas "big CSDs" and anoxic depolarisa tions only occurred closer to the infarct core. CSDs were not seen outside the border zone of the infarct. In con clusion, there was a good correlation between extracel lular [Ca2+] changes and ischaemic damage in the inf arcted region following MCA occlusion. MK-801 reduced the ischaemic damage in the penumbral zone in parallel with attentuation of the number and amplitude of CSDs and thereby a reduced intracellular Ca2 + overload. Key Words: Cerebral ischaemia-MK-801-Spreading depres sion-Glutamate-NMDA. Harreveld (1959) , who showed that cortical spread ing depression (CSD) could be produced in rabbits by applying glutamate to the cortical surface and proposed that this was related to neuronal hypoxia. Further evidence then came from studies using in vivo microdialysis techniques (Benveniste et aI., 1984; Hagberg et aI., 1985) in models of transient forebrain ischaemia, which showed that there was an excessive extracellular accumulation of gluta mate and other excitatory amino acids during and shortly after the ischaemic insult. These studies have recently been supplemented with dialysis studies done in animal models of focal cerebral isch aemia (Hillered et aI., 1989; Butcher et aI., 1990) , which have shown that there is an increase in ex tracellular glutamate levels immediately after the in duction of ischaemia and the high levels are sus tained for up to 90 min postischaemically.
The glutamate is thought to act on at least two postsynaptic subtypes of ionotropic excitatory amino acid receptors: N-methyl-D-aspartate (NMDA) and non-NMDA receptors (Monaghan et aI., 1989) . The NMDA receptor appears to play a crucial role in ischaemia-induced neuronal degener ation because the ion channel associated with the receptor is highly permeable to Ca2+ (MacDermott et aI., 1986) . Thus, depolarisation of postsynaptic membranes may result in opening of NMDA and non-NMDA receptor-linked ionic channels, result ing in an accumulation of intracellular Ca2 + that is detrimental to the cell (Siesjo, 1981) . The excitatory amino acid glutamate and other selective agonists such as NMDA, u-amino-3-hydroxy-5-methyl isoxazole-4-proprionic acid (AMPA), and kainate can initiate CSD (Van Harreveld, 1959; Curtis and Watkins, 1961; Bures et aI., 1974; Lauritzen et aI., 1988) . CSD is associated with a transient depression of neuronal activity that spreads across the cortical surface (Leao, 1944; Hansen and Zeuthen, 1981; Nicholson and Kraig, 1981) , and these waves are characterised by a large negative shift in the extra cellular direct current potential accompanied by a marked increase in extracellular [K +] and a de crease in extracellular [Na +], [Cl-], and impor tantly [Ca2+] (Hansen and Zeuthen, 1981; Hansen, 1985) . The Ca2+ is thought to enter the cell, with a subsequent rise in intracellular Ca2 + from the nor mal level of 100 nM. CSDs, measured as transient increases in extracellular [K +], have been shown to occur in the border zone of a focal ischaemic infarct in the rat (Nedergaard and Astrup, 1986; Hansen and Nedergaard, 1988) .
NMDA antagonists and more recently non NMDA antagonists have been shown to be potent neuroprotective agents in models of focal cerebral ischaemia (Park et aI., 1988a,b; Bielenburg, 1989; Bullock et aI., 1990; Gill et aI., 1991b; Gill and Lodge, 1991) in which the middle cerebral artery (MCA) is permanently occluded (Tamura et aI., 1981a) . These compounds have been suggested to be neuroprotective in such models by blocking the glutamate-induced excitation in the penumbral zone and thus decreasing the amount of infarction in this area. MK-801, a noncompetitive NMDA antagonist acting at the ion channel site (Wong et aI., 1986; Kemp et aI., 1987) , has been shown to protect against the neuronal degeneration that results from focal cerebral ischaemia in the rat and cat (Park et aI., 1988a,b; Gill et aI., 1991b) . Mk-801 has also J Cereb Blood Flow Me/ab, Vol. 12, No.3, 1992 been shown to block almost completely CSDs, as have other NMDA antagonists (Goroleva et aI., 1987; Hansen et aI., 1988) . Thus, it is of interest to investigate the effect of MK-801 on the changes in extracellular [Ca2+] and direct current potential as sociated with CSD in the penumbral zone of a focal ischaemic lesion in the rat. In the present studies, we have measured CSD in the specific penumbral zone where MK-801 had previously been shown to be neuroprotective (Park et aI., 1988b; Gill and Lodge, 1990; Gill et aI., 1991b) . A preliminary re port of this work has appeared as an abstract (Gill et aI., 1991a) .
MATERIALS AND METHODS

Calcium-sensitive microelectrodes
Calcium-sensitive microelectrodes were prepared as described by Andine et al. (1988) . Briefly, double barreled borosillicate glass capillaries (inner diameter of 0.87 mm, outer diameter of 1.5 mm, Hilgenberg GmbH, Malsfeld, Germany) were pulled into fine-tipped micropi pettes using an electrode puller (Siegenbeck van Heuke lorn et ai., 1976). The tips were broken to a diameter of 3-7 J.Lm. One barrel was filled with 4% tri-N-butyl chlorosilane in carbon tetrachloride and heated for 5 min at 500°C; it was then filled with a 300-400 J.Lm column of a neutral carrier ionophore for calcium (Fluka AG, Buchs, Switzerland) and CaCl 2 (0.1 M) was used as an inner reference solution. The reference barrel was filled with 0.15 M NaC!. Ag/AgCl wires were used as inner reference electrodes and connected to high-input imped ance amplifiers. The extracellular [Ca2+] signal was ob tained by differential recording between the calcium and the reference barrel. The reference potential was re corded between the reference barrel and an external ground Ag/ AgC!-agar electrode placed on the cortical surface. The potentials were recorded with a two-channel pen writer; the slope of the Ca2+ -sensitive microelec trodes was 26-30 m V per decade change of Ca2 + concen tration.
Surgical procedures
Male Sprague-Dawley rats (330-370 g) were used for these studies and were maintained on a 12 h: 12 h light: dark cycle with access to food and water ad libitum. The animals were anaesthetised with a mixture of 3% halo thane, in 70% nitrous oxide, and 30% oxygen. They were then intubated and ventilated with a mixture of 1.5% halo thane, in 70% nitrous oxide, and 30% oxygen throughout the surgical period. The left femoral artery and vein were cannulated to enable continuous monitoring of blood pressure, blood sampling, and injections. All physiologi cal variables were monitored throughout the study, and the animals were maintained normothermic (37 ± 0.8°C) using a rectal probe and thermostatically controlled heat ing blanket. The left MCA was exposed through a crani otomy of 2 mm that was made using a saline-cooled dental drill. The MCA (from its stem to the lenticulostriate branches) was permanently occluded using microbipolar coagulation, as described by Park et al. (l988b) . Once the MCA had been occluded, the retracted temporalis muscle was allowed to fall back into place and sutured as was the skin covering it, using silk sutures. The animals were then placed in a stereotactic frame, and a Ca2+ -sensitive mi croelectrode was lowered into the cortex at coordinates from bregma of anteroposterior (AP) 0.0 mm, lateral 4.5 mm, and ventral 1.3 mm (corresponding to the stereotac tic level anterior 7.19 mm in Fig. 1 , Konig and Klippel, 1963) . The cranial window was covered with modified Ringer solution. The time from MCA occlusion to the start of electrode recording was 17 ± 6 and 18 ± 4 min in the saline-and MK-801-treated groups, respectively. The animals were subsequently ventilated with a mixture of 0.8% halothane, in 70% nitrous oxide, 30% oxygen. Re cordings were made continuously from this area for 3 h, following which the electrode was lowered in 1.0 mm steps up to ventral 5.3 mm. The animals were then re moved from the frame, the skin covering the scalp was sutured using silk sutures, the femoral artery cannula was removed, and the vessel coagulated. Following this, the halothane was turned off and the animals ventilated with air until they started to breathe spontaneously, at which point they were extubated. The animals were allowed to survive for a period of 24 h, during which time they were kept normothermic using an overhead heating lamp and a heated blanket placed underneath the cage. During the recovery period, they had free access to food and water.
Perfusion and fixation
The following day, the animals were deeply anaesthe tised with sodium pentobarbitone and perfused transcar dially with 0.9% heparinised saline at 100 mm Hg until the perfusate from the right atrium ran clear. The animals were then perfused with 200 ml of a mixture of 40% form aldehyde, glacial acetic acid, and methanol (FAM 1:1:8, vlvlv; Tamura et aI., 1981a) at 100 mm Hg. The brains were removed after 24 h, processed and embedded in paraffin wax, and 8 f.Lm coronal sections stained with hae matoxylin-eosin. These sections were examined by light microscopy and areas of ischaemic damage were delin eated at eight preselected coronal levels from anterior 10.5 mm to anterior 1.0 mm (Konig and Klippel, 1963) . This was done blindly with respect to the treatment of the animals.
Quantification of ischaemic damage
The areas of ischaemic brain damage were transposed onto scale diagrams (x4 the actual size of the brain) of (Konig and Klippel, 1963) , illustrates the position (asterisk) where the Ca2+ electrode was positioned. forebrain and measured in terms of hemispheric, cortical, and caudate damage using an image analyzer (Quantimet 760, Cambridge instruments, Cambridge, U.K.). The ar eas of ischaemic damage were used to determine the total volume of ischaemic tissue in each brain (Osborne et aI., 1987) , by integration of areas with the distance between each level.
Experimental groups
MK-801 was administered at a dose of 3 mg/kg i.p. 30 min after MCA occlusion and control animals received saline (1 mUkg i.p.) 30 min after MCA occlusion. There were 16 animals in each group.
Statistical analysis
The number of CSDs, the amplitude, depolarisation time, and minimum [Ca2+] level dU�'ing the CSD for the control vs. MK-801-treated animals was tested using the unpaired, two-tailed Students t test. The difference be tween the two groups with regard to the number of small or big CSDs was compared using Fischer's exact test.
The differences in the volume of ischaemic damage for each brain region (hemisphere, cortex, and caudate) for the control and MK-801-treated animals was tested using analysis of variance (ANOV A) with a Bonferroni correc tion. The area of ischaemic damage at the different ste reotactic levels was compared for the control and MK-801-treated group using BMDP 2v (BMDP Statistical Software, Cork, Ireland) with repeated measures. This was followed by a comparison of the area of damage at each coronal plane for the two groups using the BMDP 3D multivariate t test. All data are presented as the mean ± SD for N animals.
RESULTS
The histopathology of the brains revealed that permanent MCA occlusion resulted in ischaemic damage in the dorsolateral cortex and caudate nu cleus, with mean (±SD) volume of ischaemic dam age in the hemisphere and cortex of control animals of 159.8 ± 20.7 and 115.3 ± 17.8 mm3, respectively. The MK-801-treated animals showed significant protection against hemispheric (ANOY A, F = 28.87, p < 0.0001) and cortical (ANOYA, F = 27.09, p < 0.0001) ischaemic damage (Fig. 2) ; MK-801 did not protect against caudate damage (ANOYA, F = 3.58, p > 0.07; Fig. 2 ). There was an overall significant (ANOY A, F = 27.59, p < 0.0001) difference between the control and MK-801treated groups when a comparison was done for the area of cortical ischaemic damage at different ste reotactic levels (Fig. 3) . The multivariate t test showed that there was a significant difference be tween the groups at the individual stereotactic lev els (Hotteling, 12 = 56.1, F = 5.38,p < 0.001). The area of ischaemic damage was significantly less in the MK-801 group compared to the control group, at each coronal plane studied (anterior 10.5 mm to anterior 1.0 mm; Fig. 3 ).
In the control group, typical waves of CSD were associated with a large negative shift in the extra- Brain Region cellular direct current potential and a decrease in extracellular [Ca2+] levels ( Fig. 4) . These CSD-like phenomena are referred to as "CSDs" in the present paper although the use of one electrode gives no information concerning the propagation of the observed shifts. During the 3 h period of record ing, we observed spontaneous CSD transients in the cortex of most animals; these varied in amplitude and duration. However, in some animals, a direct depolarisation with low [Ca2 +] levels was seen that did not recover to baseline levels. Thus, there was a significant (p < 0.04, t test) dif ference in terms of the minimum [Ca2+] levels seen during the CSDs for the control (0.11 ± 0.07 mM, mean ± SD) and MK-SOI (0.19 ± 0.15 mM) groups of animals (Table 1 ). The extracellular [Ca2 +] in the caudate was approximately 0.1 mM or below for both groups of animals, at 3 h after induction of the ischaemia. The total number of CSDs in the MK-SOI group (10 with a range of 0-2 per rat) was significantly (p � 0.05) less than that seen in the control group (30 with a range of 0-7 per rat, Table 1 ). MK-SOI also significantly (p � 0.05) lowered the amplitude of the CSD from 0.S9 ± 0.07 to O.SI ± 0.15 mM (mean ± SD). The duration of CSDs was variable in different animals. In some animals, the CSDs lasted from seconds up to 5 min, and we termed these "small CSDs" (Fig. 4A) . In other animals, CSDs lasted for up to 45 min ( Fig. 4B ) and we named any CSDs of longer than 5 min duration "big CSDs." A signifi- «::� [V-'l 1// -1!l ____ _ (2g;�V) J\ tr--\ J\J --'candy (p < 0.04, Fisher's two-tailed exact proba bility test, Table 2 ) higher proportion of control an imals (seven) had "big CSDs" compared to the MK-801 (one)-treated group. These "big CSDs" were seen 1.25 to 2.5 mm within the infarct rim for the control group, and the one "big CSD" seen in the MK-801-treated animal was 1.75 mm within the infarct. There were also more "small CSDs" in the control (23) group compared to the MK-801 (9) treated group of animals. "Small CSDs" were seen from 0.25 mm outside the infarct to 2.25 mm within the infarct for both groups of animals. In seven rats from both groups of animals, the microelectrode tip was located outside the infarct and during the ag gregate total 21 h period in which CSDs were mea sured for these animals, only one "small CSD" was detected 1 mm outside the infarct. Therefore, the remainder of CSDs, of which there were 39 mea sured over a period of 75 h, in the other animals were recorded within the infarct. The position of the calcium electrode was 0.4 ± 0.94 mm from the rim of the infarct in the MK-801 group of animals and it was 1.2 ± 0.82 mm from the infarct edge in the control group. Thus, there was a significant (p < 0.02, Student's unpaired t test) difference in the po sition of the electrode from the infarct rim for the two groups of animals. A few animals did show a depolarisation from which the ionic homeostasis did not recover (Fig. 4C ). There was no significant (p > __ ---.J , _�_� -� 5 min 10 min 5 min 0.4) difference between the MK-801 and control group in terms of the number of these anoxic depo larisations ( Table 1) . No significant (p > 0.08) difference was found between the groups for the direct current shifts dur ing CSD (Table 1) . Nor was there any difference (p > 0.6) between the groups with respect to % depo larisation time during the experiment, when com pared with or excluding the animals that had anoxic depolarisations upon electrode penetration ( Table  1) . The % depolarisation represents the % of the experimental time (3 h) during which the tissue was depolarised. The tissue was regarded as depolarised after a rapid negative direct current shift (including CSDs and irreversible depolarisations).
The physiological variables such as pH, blood glucose, P aC0 2 ' and P a0 2 (Table 3 ) did not differ significantly between the control and MK-801treated animals. However, there was a significant difference between the MABP for the control group (100 mm Hg) and MK-801-treated animals (107 mm Hg) when compared prior to MCA occlusion (ANOVA, F = 7.8, p < 0.01); the MABP was 7 mm Hg higher in the MK-801 group (Table 3) . This was not due to drug effects because the MK-801 was actually administered 30 min after MCA occlusion. The rectal temperature of the animals was main tained at 37 ± 0.8°C throughout the experimental period. a This is the depolarisation time (%) excluding the animals that had a final CSD upon electrode penetration. The number of animals that had "big CSDs" in each group were compared. n = number of animals in each group. The number in parentheses denotes the significance value when com pared using Fisher's exact probability test (two tailed).
DISCUSSION
The present studies have shown that CSDs of varying amplitude and duration could be seen in the cortical infarct rim. These CSDs were characterised by a large negative shift in the extracellular direct current potential and a decrease in extracellular [Ca2 + ]. The noncompetitive NMDA antagonist MK-801 (3 mglkg i.p.), administered 30 min after MCA occlusion, resulted in a significant reduction in the number and amplitude of CSDs in parallel with a significant reduction in the area of cortical damage.
There are now numerous studies showing the beneficial effects of NMDA antagonists in animal models of focal ischaemia (Park et aI., 1988a,b; Bie lenburg, 1989; Bullock et aI., 1990; Gill and Lodge, 1990; Gill et aI., 1991b) . The majority of the protec tion is seen in the infarct rim of the cerebral cortex, in a region that has the characteristics of a "pen umbra" (Astrup et aI., 1981) . This area has a re gional blood flow of approximately 20% of normal (Tamura et aI., 1981b; Nedergaard et aI., 1986; Bo lander et aI., 1989) , which is the threshold level at which synaptic transmission is abolished, but nor mal ionic homeostasis is maintained. The penumbra displays an increased glucose utilization probably The physiological variables were measured prior to occlusion of the MCA and again during the 3 h of recording CSD activity after MCA occlusion.
Each value is the mean ± SD of 13-16 animals.
• p < 0.01, Bonferroni t distribution.
J Cereb Blood Flow Metab. Vol. 12, No.3. 1992 due to an increased demand on ionic pumps to maintain ionic homeostasis (Nedergaard and As trup, 1986) . In contrast, no neuroprotection is seen with NMDA antagonists in the caudate nucleus, which could be described as the ischaemic core; blood flow here is reduced to < 10% of normal. Moreover, at the end of the 3 h recording period, the extracellular [Ca2 + ] in the caudate (0.13 mM) was lower than that seen in the cortex, and we saw no CSD activity when the electrode was lowered into the caudate. This can be explained by the fact that the blood flow is very low in this area, due to occlusion of the lenticulostriate branch (Tamura et aI., 1981b) , which is an end artery for the caudate and there is not sufficient energy present to enable a return to normal ionic homeostasis, even in the presence of an NMDA antagonist (Siesjo and Bengtsson, 1989) .
The presence of CSD activity in the infarct rim, as measured by changes in extracellular direct cur rent potential, has previously been reported by Ne dergaard and Astrup (1986) . They demonstrated that there was a clear correlation between CSD ac tivity and increased glucose utilisation, possibly due to restoration of ionic homeostasis. They also found CSDs of varying amplitude and duration with the maximal duration being up to 15 min. During their 80 min period of measurement in each animal, they recorded a mean of five direct current potential deflections (3.8/h), i.e., considerably more than in the present study (0.53/h). This is surprising consid ering the similar blood glucose levels in the two studies. The different frequency of CSDs may be related to the more supemcial position of their elec trodes or a different extent of the infarct. Another explanation may be that the recordings were started 17 min after MCA occlusion in the present study, compared to 2.5 min in the study by Nedergaard and Astrup (1986) . However, the latter explanation seems unlikely since the frequency of CSD activity in each animal appears to be similar during the first hours after MCA occlusion. CSD activity as mea sured by increases in extracellular [K + ] and de creases in extracellular [Ca2 + ] have also been shown to occur in focal ischaemia induced in ba boons (Branston et aI., 1977; Harris et aI., 1981) and cats (Strong et aI., 1983) . Brain slice preparations have also been used to investigate spreading de pression and the resulting ionic changes (Balestrino and Somjen, 1986; Somjen et aI., 1990) .
Glutamate and other excitatory amino acid ago nists can evoke CSDs (Van Harreveld, 1959; Curtis and Watkins, 1961; Bures et aI., 1974; Lauritzen et aI., 1988 ) that can be blocked by competitive and noncompetitive NMDA antagonists (Goroleva et aI., 1987; Hansen et aI., 1988; Lauritzen et aI., 1988) . Therefore, the increased levels of glutamate in the cortex and striatum during focal ischaemia (Hillered et aI., 1989; Butcher et aI., 1990 ) could be initiating CSDs in the penumbra. Additionally, the penumbral zone is hypoperfused and hypoglyce mic; these factors will lower the threshold for elic iting CSDs (Nedergaard, 1988) .
The microelectrode tip was situated deeper within the infarct in the control group of animals compared to the MK-801-treated group, which had significantly less cortical damage. The CSD activity may only be a phenomenon in certain layers within the developing infarct without any pathological im portance. Then, the effect of MK-801 on CSDs could be explained by a different position of the electrode in relation to the infarct. However, there is now substantial evidence that suggests that pen umbral CSD activity is detrimental to the cell. An important fact is the CSD is associated with a de crease in extracellular [Ca 2 +] and consequently an increase in intracellular [Ca 2 +]. CSDs per se do not actually cause damage to the normal brain. When waves of CSD were elicited repeatedly in non ischaemic animals, no signs of cortical neuronal in jury were seen . Therefore, under normal conditions, the brain ATP levels are not altered during spreading depression (Lauritzen et aI., 1990) , thus enabling neurones to extrude Ca 2 + and maintain normal ionic homeosta sis. This is also reflected in the fact that in non ischaemic animals there is an increase in glucose utilisation prior to the ionic shifts characteristic of CSD. This is probably due to the increased de mands on ion pumps because of the disturbed ionic homeostasis (Shinohara et al., 1979) . Under isch aemic conditions such as in the penumbra, energy supply is severely compromised due to reduced blood flow during the first 6 h after MCA occlusion (Bolander et aI., 1989) . Therefore, under such con ditions, CSD activity may result in an accumulation of intracellular Ca 2 + and, consequently, cell death. In addition to reducing the penumbral damage, MK-801 also reduced the number of CSDs and the de gree of [Ca 2 +] shift during CSD without any effect on the direct current potential shifts. This suggests that MK-801 protected the penumbra by blocking NMDA receptors, thus limiting the elicitation of CSDs and reducing the amount of Ca 2 + uptake into cells during the CSDs that did appear.
The CSDs observed in the present study dis played a large variation in both amplitude and du ration. The "small CSDs" were the same as those previously described, i.e., the classical spreading depression lasting a minute or slightly longer. The "big CSDs" had different characteristics in terms of their duration and lasted up to 45 min. It could be speculated that these CSDs were prolonged by the low energy levels and hypoglycaemic state of the tissue (Nedergaard, 1988) . These "big CSDs," al though taking a long time, were always spontane ously reversible unlike an anoxic depolarisation. MK-801 significantly attenuated elicitation of the "big CSDs" ; this also supports their being CSDs since MK-801 has previously been shown to block evoked CSDs but not the anoxic depolarisation seen following forebrain ischaemia (Hansen et aI., 1988) . The complexity of CSDs is further exempli fied by the fact that these CSDs that are evoked in the cortex by bipolar stimulation are completely blocked by MK-801 whereas only a partial effect was seen in the ischaemic penumbra in the present study. Also, under conditions of severe hypogly caemia, MK-801 was unable to block the CSDs (Zhang et al., 1990) in spite of its ability to amelio rate the hypoglycaemia-induced neuronal degener ation (Westerberg et aI., 1988) . In a hypoxic hip pocampal slice preparation, Radar and Lanthorn (1989) demonstrated that persistent depolarisation could be blocked by MK-801 but not the initial de polarisation. Using a similar preparation, Somjen et al. (1990) suggested that selective vulnerability of CA 1 neurones of the hippocampus may be related to spreading depression-like depolarisation.
The "small CSDs" appeared in the border zone and deeper within the infarct whereas the "big CSDs" and anoxic depolarisations only occurred deeper within the infarct. No CSD activity was found outside the infarct (except one "small CSD"). However, we can not exclude the possibil ity of high CSD activity in more superficial cortical layers (cf. Nedergaard and Astrup, 1986) . During an aggregate total 21 h period of measurements (in seven animals) from outside the infarct, only one "small CSD" was found in comparison to the 39 CSDs recorded during the 75 h period of measure ments (in 25 animals) within the developing infarct. Thus, CSD activity predicted that the tissue would degenerate. The great variability in the CSD activ ity between different rats may be explained by the variability of the MCA occlusion model with regard to neuropathological outcome. For example, in some animals, a final depolarisation without recov ery was seen upon lowering the electrode into the cortex. This probable anoxic depolarisation could not be reversed by MK-801 (which was adminis tered after the start of the depolarisation), and in these rats the cortex also displayed massive dam age.
In conclusion, CSD activity, as measured by changes in extracellular [Ca 2 +] and negative direct current potential, were seen in the penumbral area of the cerebral cortex of animals subjected to focal ischaemia. MK-801 attenuated the number and am plitude of the CSDs and also reduced the volume of cortical infarction. Thus, a reduction in the amount of CSD activity in the penumbral area, and conse quently attenuation of the calcium overload upon the cells, may be one of the mechanisms by which MK-801 reduces ischaemic damage in the penum bral zone.
